arXiv:hep-ph/0406316 v2 14 Aug 2004

August 14, 2004

Search for Lepton Flavor Violation in the Higgs Boson Decay at a Linear Collider

Shinya Kanemura^1, Kouichi Matsuda^2, Toshihiko Ota^3 Tetsuo Shindou^4, Eiichi Takasugi^5, Koji Tsumura^6

Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

Abstract

We discuss possibility of direct search for lepton flavor violation (LFV) in Yukawa interaction by measuring the branching ratio for the decay of the lightest Higgs boson (h^0) into a τ-μ pair at a linear collider. We study the significance of the signal process, e^+e^− → Z^∗ → Zh^0 → Zτ^±μ^∓, against the backgrounds such as e^+e^− → Zτ^+τ^− → Zτ^±μ^∓+ missings. After taking appropriate kinematic cuts, the number of the background event is considerably reduced, so that the signal can be visible when the branching ratio of h^0 → τ^±μ^∓ is larger than about 10^{−4}. In a Minimal Supersymmetric Standard Model scenario, the effective coupling of h^0τ^±μ^∓ can be generated at loop level due to the slepton mixing. When supersymmetric mass parameters are larger than TeV scales, the branching ratio can be as large as several times 10^{−4}. Therefore, the signal can be marginally visible at a LC. In the general two Higgs doublet model, the possible maximal value for the branching ratio of h^0 → τ^±μ^∓ can reach to a few times 10^{−3} within the available experimental bound, so that we can obtain larger significance.

1 E-mail: kanemu@het.phys.sci.osaka-u.ac.jp 2 E-mail: matsuda@het.phys.sci.osaka-u.ac.jp 3 E-mail: toshi@het.phys.sci.osaka-u.ac.jp 4 Address after April 2004: Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan, E-mail: shindou@post.kek.jp 5 E-mail: takasugi@het.phys.sci.osaka-u.ac.jp 6 E-mail: ko2@het.phys.sci.osaka-u.ac.jp

I. INTRODUCTION

Lepton Flavor Violation (LFV) is a direct indication of new physics beyond the Standard Model (SM). It can naturally appear in a scenario based on the supersymmetry (SUSY) due to the slepton mixing. Its origin may be the radiative effect of the neutrino Yukawa interaction with heavy right-handed neutrinos [1, 2]. There are some other scenarios which naturally induce LFV, such as the Two-Higgs-Doublet Model (THDM) with general Yukawa interaction, the Zee model for neutrino masses[3] and so on. In the low energy effective theory of such new physics models, two kinds of the Lepton Flavor (LF) violating couplings exist; i.e., those associated with gauge bosons and those with Higgs bosons (LF violating Yukawa couplings).

In recent years, the Higgs-mediated LF violating processes have been studied regarding the decay modes τ^± → μ^±μ^±μ^∓ [4, 5, 6], τ^± → μ^±η [7], and B_s → μ^±τ^∓ [5]. Their branching fractions are being measured at current and forthcoming experiments at the Bfactories [8] and CERN Large Hadron Collider (LHC) [9]. The Higgs-mediated LFV have also been investigated in muon processes: the muon-electron conversion in nucleus is studied in Ref. [10]. It will be explored at the Muon to Electron COnversion experiment (MECO) [11] and the PRISM Muon Electron conversion experiment (PRIME) based on the Phase Rotate Intense Slow Muon (PRISM) [12]. All these processes are measured as a combination of contributions from the gauge boson mediation and the Higgs boson mediation.

In this letter, we consider possibility of detecting the process of the lightest Higgs boson decaying into a pair of tau and muon, h^0 → τ^±μ^∓, at a Linear Collider (LC). There LFV in Yukawa interaction can be directly studied by measuring the decay branching ratio of the Higgs bosons [6, 13, 14, 15] when they are found. In the Minimal Supersymmetric Standard Model (MSSM), the mass of the lightest Higgs boson is less than about 130 GeV. It is promising that such a light Higgs boson will be discovered at LHC. Then its properties such as the mass, the width, production cross sections, and decay branching ratios will be measured extensively. The precision study of the Higgs sector is one of the main purposes of a LC such as GLC, TESLA or NLC[16]. The lightest Higgs boson is produced mainly through gauge interactions at a LC. In the case of the nearly decoupling region[17], the production cross section for the lightest Higgs boson is much lager than that of the heavier ones. Therefore, the LF violating Yukawa coupling can be better tested from the decay of the the lightest Higgs boson than that of the extra (heavier) Higgs bosons.

At LHC, the extra Higgs bosons (H^0, A^0, H^±) may also be detected in the MSSM and the THDM as long as their masses are not too large. The Higgs bosons are mainly produced through the Yukawa interaction, so that the production cross section of H^0 and A^0 can be sufficiently large to be detected especially for large tan β values, where tan β is the ratio of vacuum expectation values of two Higgs doublets. Therefore, the decays of H^0 and A^0 may be useful to explore the LF violating Yukawa coupling[14]. The search of LFV via the Higgs boson decay at a hadron collider is suffered from huge backgrounds, and it should be required to pay much effort into the background reduction.

Magnitude of the LF violating coupling in h^0 → τ^±μ^∓ is constrained by the results from the measurement of LFV in τ decay processes. The most stringent bound comes from the τ^− → μ^−η measurement[18]. In the framework of the MSSM, the theoretical prediction on the branching ratio of h^0 → τ^±μ^∓ can approach to the above experimental upper limit by adjusting the SUSY parameters[13]; i.e. Br(h^0 → τ^±μ^∓) ∼ several times 10^{−4}. When all the SUSY parameters are as large as TeV scales, the LF violating gauge-boson penguin diagram decouples from the experimental reach, while the LF violating Yukawa coupling does not because they depend only on the ratio of the SUSY parameters. We can then avoid strong correlation between the LFV mediated by Higgs bosons and that by the gauge bosons. On the contrary, if the scale of the SUSY parameters is smaller than 1 TeV, the Higgs-mediated LF violating coupling is strongly constrained from the experimental bounds on the gauge mediated LFV processes [5]. In such a case, the parameter choice which realizes Br(h^0 → τ^±μ^∓) ∼ O(10^{−4}) is already excluded by the data.

We evaluate the significance of detecting the signal for h^0 → τ^±μ^∓ at a LC. The Higgs boson with the mass around 120 GeV is mainly produced through the Higgsstrahlung mechanism e^+e^− → Zh^0, when the center-of-mass energy √ s is lower than about 500 GeV. We can identify the signal event (τ^±μ^∓Z) without measuring the τ lepton by using the information of the momenta for the outgoing Z boson and muon as well as the fixed beam energy √ s. The momentum of the Z boson is reconstructed from those of its leptonic (ℓ^+ℓ^− with ℓ^± = e^± and μ^±) as well as hadronic (jj) products. The most serious irreducible background is e^+e^− → Zh^0 → Zτ^+τ^− with one of the tau leptons going to a muon and missings. The background can be suppressed by appropriate kinematic cuts with the expected resolution of the momentum of the Z boson from the decay channels into ℓ^+ℓ^− and jj and with the beam spread rate of √ s. We find that the significance S/ √ B can exceed 5 in the MSSM scenario when the SUSY parameters are taken to be as large as TeV scales. In the general THDM, the larger number of the signal events can be realized under the constraint from the perturbative unitarity[19, 20], the vacuum stability[21] and available data. Therefore, the signal can be marginally detectable in the MSSM.

In Sec. II, the possible enhancement of the decay branching ratio for the process h^0 → τ^±μ^∓ is discussed taking into account the current experimental data. We show a choice of the SUSY parameters that realizes a relatively large value of the effective h^0μ^±τ^∓ coupling in the MSSM. In Sec. III, we estimate the significance of detection for the signal against the backgrounds at a LC, taking into account appropriate kinematic cuts. The conclusions are given in Sec. IV.

II. LEPTON FLAVOR VIOLATING YUKAWA COUPLING

The effective Lagrangian of Yukawa interaction for charged leptons in the THDM (including the MSSM) is described as

L_{eff} = −ℓ^i_RY_{ℓi} (δ_{ij} Φ_1 + ϵ_{ij} Φ_2) ℓ^j_L + h.c., (1)

where ℓ^i_{L,R} (i = 1, 2, 3) are charged leptons with chirality L or R, Φ_α (α = 1, 2) are neutral components of the two Higgs doublets with the hypercharge 1/2, and Y_{ℓi} (= m_{ℓi} /⟨Φ_1⟩) are the Yukawa coupling constants of ℓ_i, respectively. In the MSSM, Φ_1 and Φ_2 correspond to H^0_d and H^{0∗}_u , respectively[22]. With a nonzero value of ϵ_{ij} (i ≠ j), the Yukawa interaction and the mass of charged leptons cannot be diagonalized simultaneously, so that the LF violating Higgs couplings arise. The interaction corresponds to τ -μ or τ -e mixing is expressed [4, 5, 10, 13] by L_{τ ℓi} = − κ_{3i}m_τ v cos^2 β (τ_Rℓ_{Li}) { cos(α − β)h^0 + sin(α − β)H^0 − iA^0 } + h.c., (2)

with ℓ_{Li} = e_L or μ_L, and the LF violating parameter κ_{ij} is given by κ_{ij} = − ϵ_{ij} (1 + ϵ_{33} tan β)^2

, (3)

where h^0 and H^0 are the CP-even Higgs bosons, A^0 is the CP-odd Higgs boson, α denotes the mixing angle of the CP-even Higgs bosons, and tan β is the ratio of the vacuum expectation values, tan β ≡ ⟨Φ_2⟩/⟨Φ_1⟩. We define h^0 is lighter than H^0 (m_h < m_H ).

Let us discuss the branching ratio of the Higgs boson decaying into the LF violating channel (τ^±μ^∓). We consider the situation that the main decay mode of the lightest Higgs boson is h^0 → bb. In addition, for a large tan β and sin(α − β) ≃ −1, the dominant decay modes of heavier Higgs bosons are those into a bb pair. In this case, the rate between the decay widths of the lepton flavor violating process Φ^0 → τ^+μ^− (Φ^0 = h^0, H^0, A^0) and Φ^0 → bb approximately gives the order of the branching ratio for Φ^0 → τ^+μ^−; i.e.,

Br(h^0 → τ^±μ^∓) ∼ 1 N_c m^2_τ m^2_b cos^2(α − β) cos^2 β sin^2 α

× |κ_{32}|^2, (4)

Br(H^0 → τ^±μ^∓) ∼ 1 N_c m^2_τ m^2_b sin^2(α − β) cos^2 β cos^2 α

× |κ_{32}|^2, (tan β ≫ 1), (5)

Br(A^0 → τ^±μ^∓) ∼ 1 N_c m^2_τ m^2_b 1 sin^2 β cos^2 β

× |κ_{32}|^2, (tan β ≫ 1). (6)

In our numerical evaluation, we calculate these branching ratios including all the decay modes i.e., Φ^0 → bb̄, τ^+τ^−, cc̄, gg, W W^{(∗)}, ZZ^{(∗)}.

The LF violating parameter |κ_{32}| is constrained from the available data for LFV in τ decay processes. The most stringent bound is obtained from the τ^− → μ^−η measurement[18]. The other experiments such as τ^± → μ^±μ^±μ^∓[23], τ^± → μ^±γ[24], and muon anomalous magnetic moment give weaker bounds. The branching ratio of τ^± → μ^±η is given [4, 5, 7] by

Br(τ^{± A0}−→ μ^±η) = 8.4 × Br(τ^{± Φ0}−→ μ^±μ^±μ^∓)

= 8.4 ×

G^2_F m^2_μm^7_τ τ_τ 1536π^3 ( 1 m^4_H + 1 m^4_A ) |κ_{32}|^2 tan^6 β, (7)

for tan β ≫ 1 and sin(α − β) ≃ −1. The present experimental bound is given by Br(τ^− → μ^−η) < 3.4 × 10^{−7} (90 % CL) [18], which yields

|κ_{32}|^2 <∼ 0.3 × 10^{−6} × ( m_A 150GeV

)_4 ( 60

tan β

)_6

, (8)

for m_A ∼ m_H . The bound becomes relaxed for greater m_A and smaller tan β values.

Next, we discuss theory predictions on the LF violating parameter κ_{32} in the framework of the MSSM. Nonzero values of ϵ_{ij} then arise from the radiative correction due to the slepton mixing. They are calculated in the mass insertion method as ϵ_{ij} ≡ (ϵ_1)_iδ_{ij} + (ϵ_2)_{ij}

[4, 5, 6, 10, 13], with

(ϵ_1)_i = − α^′ 8π μM_1 [ 2I_3(M^2_1 , m^2_{l̃Li} , m^2_{ẽRi} ) + I_3(M^2_1 , μ^2, m^2_{l̃Li} ) − 2I_3(M^2_1 , μ^2, m^2_{ẽRi} ) ]

+ α_2 8π μM_2 [ I_3(M^2_2 , μ^2, m^2_{l̃Li} ) + 2I_3(M^2_2 , μ^2, m^2_{ν̃Li} ) ] , (9)

(ϵ_2)_{ij} = − α^′ 8π ( Δm^2_{l̃L} ) ij μM_1 [ 2I_4(M^2_1 , m^2_{l̃Li} , m^2_{ẽRi} , m^2_{l̃Lj} ) + I_4(M^2_1 , μ^2, m^2_{l̃Li} , m^2_{l̃Lj} ) ]

+ α_2 8π ( Δm^2_{l̃L} ) ij μM_2 [ I_4(M^2_1 , μ^2, m^2_{l̃Li} , m^2_{l̃Lj} ) + 2I_4(M^2_1 , μ^2, m^2_{ν̃Li} , m^2_{ν̃Lj} ) ] , (10)

where α^′ and α_2 are fine structure constants of U(1)_Y and SU(2)_L symmetries, M_1 and M_2 are the soft-SUSY-breaking masses for gauginos, μ is the SUSY-invariant Higgs mixing parameter, and m^2_{l̃Li} , m^2_{ẽRi} and m^2_{ν̃Li} are the left- and right-handed slepton and sneutrino masses of the i-th generation, respectively. The off-diagonal element of the slepton mass matrix is expressed by ( Δm^2_{l̃L} ) ij , (i ≠ j).^1 The functions I_3 and I_4 are defined as

I_3(x, y, z) ≡ − xy ln(x/y) + yz ln(y/z) + zx ln(z/x) (x − y)(y − z)(z − x) , (11) I_4(x, y, z, w) ≡ − x ln x (y − x)(z − x)(w − x) − y ln y (x − y)(z − y)(w − y) − z ln z (x − z)(y − z)(w − z) − w ln w (x − w)(y − w)(z − w) . (12)

Unlike the photon-mediation, the LF violating Yukawa coupling does not decouple for large values of the SUSY parameters. It depends only on the ratio of the SUSY parameters. For instance, by assuming M_{1,2} = m~_{lLμ,τ} = m_{ν̃Lμ,τ} = m_{ẽRμ,τ} = (Δm~_{lL} )_{32} ≡ m_S ≠ μ, (ϵ_1)_3 and (ϵ_2)_{32} in Eqs. (9) and (10) are reduced to

(ϵ_1)_3 = 1 8π R [ −α^′ + (α^′ + 3α_2)

R^2 ln R^2 − R^2 + 1 (R^2 − 1)^2 ] , (13)

(ϵ_2)_{32} = 1 8π R [ α^′ 3 + α^′ − 3α_2 R^2 − 1 { 1 2 − R^2 ln R^2 − R^2 + 1 (R^2 − 1)^2 }] , (14)

where R ≡ μ/m_S . Therefore, magnitude of |κ_{32}|^2 becomes greater as R is larger.

The photon-mediated LFV processes can be suppressed to be out of experimental reach when the typical SUSY breaking scale m_S is greater than O(1) TeV. Let us consider the following choices. Case 1: tan β = 60, μ = 25 TeV, M_1 ∼ M_2 ∼ m_{ℓ̃Lμ,τ} ∼ m_{ℓ̃Rμ,τ} ∼ m_{ν̃Lμ,τ} ∼

1 We here assume the situation in which the origin of LFV is only the mixing of the left-handed slepton.

The formulas which include the mixing of the right-handed slepton are shown in Ref. [13].

FIG. 1: The decay branching ratios of the lightest Higgs boson h^0 as a function of m_A at tan β = 60. The m_h is set to be 123 GeV. The dashed curves represent the branching ratio for h^0 → τ^±μ^∓ in Case 1 and Case 2. The experimental upper constraint in Eq. (8) is plotted for each case as a dotted curve. The branching ratios for the other decay modes are also shown for Case 1. ( Δm^2_{l̃L} ) 32 ∼ 2 TeV with the squark parameters M_Q ∼ 10 TeV and M_{U,D} ∼ A_{t,b} ∼ 8 TeV.

Case 2: tan β = 60, μ = 10 TeV, m_{ℓ̃Lμ,τ} ∼ m_{ν̃Lμ,τ} ∼ ( Δm^2_{l̃L} ) 32 ∼ 1.2 TeV, m_{ℓ̃Rμ,τ} ∼ 0.9 TeV, M_1 ∼ 1 TeV and M_2 ∼ 0.8 TeV with the squark parameters M_Q ∼ 5 TeV and M_{U,D} ∼ A_{t,b} ∼ 3 TeV. For Case 1 and Case 2, we obtain |κ_{32}|^2 ∼ 8.4×10^{−6} and 3.8×10^{−6} with the gauge-mediated LF-violating processes being suppressed, respectively. The branching fraction Br(h^0 → μ^±τ^∓) can be as large as 7 × 10^{−4} for Case 1 with m_A = 350 GeV and 2×10^{−4} for Case 2 with m_A = 280 GeV, respectively. We note that these extreme choices are not excluded by the condition of theory consistencies, such as color breaking, positiveness of eigenvalues of squark and slepton mass matrices.

In Fig. 1, the decay branching ratio for the process h^0 → τ^±μ^∓ is shown as a function of m_A at tan β = 60. We take the other SUSY parameters so that the value of m_h is 123 GeV for each m_A. The dashed curves represent Br(h^0 → τ^±μ^∓) in Case 1 and Case 2. The experimental upper constraint in Eq. (8) is also plotted as a dotted curve for each case. The branching ratio Br(h^0 → τ^±μ^∓) can reach to 7 × 10^{−4} and 2 × 10^{−4} for Case 1 and Case 2, respectively. In a wide region of m_A, the branching ratio can be as large as 10^{−4} for both cases.

In the THDM, the parameters ϵ_{ij} in Eq. (1) can be taken freely within the experimental e^− e^+

Z^∗ Z h^0

μ^+ τ^− ν_τ τ -decay

Z-decay

(a) e^− e^+

Z^∗ Z h^0 ν_τ

τ^− τ^+

μ^+ ν̄_μ ν_τ τ -decay

Z-decay

(b) FIG. 2: The Feynman diagram of the signal event (a), and that of the fake event (b).

constraints and conditions from perturbative unitarity[19, 20] and vacuum stability[21]. The experimental bound on |κ_{32}| can be weakened by considering the large value of m_A (> 150 GeV) and smaller tan β (< 60). Therefore, much larger values of |κ_{32}| are allowed in the THDM than those in the MSSM, especially for lower tan β values.

III. SEARCH FOR LF VIOLATING HIGGS DECAYS AT A LINEAR COLLIDER

Let us consider the LF violating Higgs decay h^0 → τ^±μ^∓ at a LC in the situation where the heavier Higgs bosons nearly decouple from the gauge bosons; i.e., sin(α − β) ≃ −1. The lightest Higgs boson then approximately behaves as the SM one. The main production modes of the lightest Higgs boson at a LC are the Higgsstrahlung e^+e^− → Z^∗ → Zh^0 and the W fusion e^+e^− → (W^{+∗}ν̄_e)(W^{−∗}ν_e) → h^0ν_eν̄_e. For a light h^0 with the mass m_h ∼ 120 GeV, the former production mechanism is dominant at low collision energies ( √ s < 400-500 GeV), while the latter dominates at higher energies. For our purpose, the Higgsstrahlung process is useful because of its simple kinematic structure. The signal process is then e^+e^− → Z^∗ → Zh^0 → Zτ^±μ^∓. We can detect the outgoing muon with high efficiency, and its momentum can be measured precisely by event-by-event. The momentum of the Z boson can be reconstructed from those of its leptonic ℓ^+ℓ^− (ℓ^± = e^± and μ^±) or hadronic (jj) decay products. Therefore, we can identify the signal event without measuring τ momentum directly, as long as the beam spread rate for √ s is sufficiently low.

Depending on the Z decay channel, the signal events are separated into two categories, jjτ^±μ^∓ and ℓ^+ℓ^−τ^±μ^∓. The energy resolution of the Z boson from hadronic jets jj is expected to be 0.3 √ E_Z GeV and that from ℓ^+ℓ^− is 0.1 √ E_Z GeV[16]. We assume that the detection efficiencies of the Z boson and the muon are 100 %, the rate of the beam energy spread is expected to be 0.1 % level[16], the muon momentum is measured with high precision and the mass of the lightest Higgs boson will have been determined in the 50 MeV level [16]. We also expect that the effect of the initial state radiation is small for the collider energies that we consider ( √ s ∼ 250-300 GeV). Taking into account all these numbers, we expect that the tau momentum can be determined indirectly within 3 GeV for jjτ^±μ^∓ and 1 GeV for ℓ^+ℓ^−τ^±μ^∓.

Let us evaluate the number of the signal event. We assume that the energy √ s is tuned depending on the mass of the lightest Higgs boson: i.e., we take the optimal √ s to product the lightest Higgs boson through the Higgsstrahlung process. (It is approximately given by √ s ∼ m_Z + √ 2m_h.) The production cross section of e^+e^− → Zh^0 is about 220 fb for m_h = 123 GeV. Then, we obtain 2.2 × 10^5 Higgs events if the integrated luminosity is 1 ab^{−1}. When |κ_{32}|^2 is 8.4 × 10^{−6} (see Eq. (8)), about 118 events of jjτ^±μ^∓ and 11 events of ℓ^+ℓ^−τ^±μ^∓ can be produced.

Next, we consider the background. For the signal with the Higgs boson mass of 120 GeV, the main background comes from e^+e^− → Zτ^+τ^−. The number of the Zτ^±μ^∓ event from e^+e^− → Zτ^+τ^− is estimated about 3.6 × 10^4[25]. Although the number of the background events is huge, we can expect that a large part of them is effectively suppressed by using the following kinematic cuts: (i) The muon from the Higgs boson should have high energies larger than √ s/4, while those of the muon from the other parent are normally smaller.

Therefore, we impose the cut E_μ > √ s/4. (ii) The invariant mass M_{μτ} distribution of the signal event (which is reconstructed from the information of the beam spread rate of √ s as well as the momenta of the outgoing muon and the Z boson) should be located at the mass of the lightest Higgs boson, while that of the background is widely distributed. By taking only events which satisfy |M_{μτ} − m_h| < Max[Γ_h, Δm_h, ΔM_{μτ} ], the background events are expected to be considerably reduced, where Γ_h (∼ 40 MeV for m_h = 120 GeV) is the natural width of h^0, Δm_h is the experimental uncertainty of m_h (∼ 50 MeV), and ΔM_{μτ} is the uncertainty of the recoil invariant mass M_{μτ} . We here assume that ΔM_{μτ} is 1 GeV for the Z → ℓ^+ℓ^− channel and 3 GeV for Z → jj, respectively.

The irreducible background comes from the process shown in Fig.2-(b): the Higgs boson decays into a tau pair, and one of the tau decays into a muon and missings (e^+e^− → Zh^0 → Zτ^+τ^− → Zτ^±μ^∓+missings). We can not distinguish the signal event h^0 → τ^±μ^∓ with the event of Fig.2-(b) when the muon emitted from the tau lepton carries the similar momentum to that of the parent, because it leaves the same track on the detector as the signal event. We refer this kind of the background as the fake signal. In the following, we estimate the number of the fake signal. As the branching ratio for h^0 → τ^+τ^− is about 0.1, the initial number of the background event for jjτ^±μ^∓+missings is calculated to be about 5200, and that for ℓ^+ℓ^−τ^±μ^∓+missings is to be 500. Since the signal includes the two-body decay of the Higgs boson h^0 → τ^±μ^∓, its muon energy distribution shows the mono-energetic spectrum. On the other hand, that of the background, h^0 → τ^+τ^− → τ^±μ^∓+missings, is the continuous spectrum. The energy and angular distribution of the muon from the tau lepton in the lab frame is calculated as dn_μ dxd cos θ_{hμ}

≃ 64γ^6_τ γ^4_h(1 − β_τ )^3 (1 − β_h cos θ_{hμ}) x^2 { 3 − 8γ^2_τ γ^2_h(1 − β_τ ) (1 − β_h cos θ_{hμ}) x } , (15)

where γ_τ ≡ m_h/(2m_τ ) and β_τ ≡ √ 1 − 1/γ^2_τ are the boost factors from the tau-rest frame to the Higgs-rest frame, γ_h ≡ E_h/m_h and β_h ≡ √ 1 − 1/γ^2_h are the boost factors from the Higgs-rest frame to the lab frame, θ_{hμ} is the angle between momenta of the Higgs boson and the muon, and x is defined as the ratio of the energy of the muon and that of the parent tau lepton, x ≡ E_μ/E_τ . Eq. (15) can be derived from the differential cross section for τ^− → μ^−ν_τν̄_μ in the tau-rest frame by making the boost twice. In the boost from the Higgs-rest frame to the lab frame, we take the approximation in which the muon is emitted to the forward direction of the tau lepton. The number of events of the fake signal can be evaluated as

N_{fake} = N^{initial}_{Zμτ} × ∫_{θhμ=π} θ_{hμ}=0 d cos θ_{hμ}

∫_{xmax} x_{max}−δx dx dn_μ dxd cos θ_{hμ}

, (16)

where N^{initial}_{Zμτ} is the initial number of the background event for Zμτ with Z → jj or Z → ℓ^+ℓ^−, x_{max} is the maximal value of x which is given by

x_{max} ≡ 1/ { 4γ^2_τ γ^2_h(1 − β_τ )(1 − β_h cos θ_{hμ}) } , (17)

and parameter δx depends on the uncertainty of the tau momentum, δ(E_τ ); δx ≡ δ ( E_μ E_τ ) ≃ x_{max} δ(E_τ ) E_τ . (18)

We find that the number of the fake signal strongly depends on the precision of the tau momentum determination. We expect that it is attained with the similar precision to that of

FIG. 3: The statistical significance S/ √ B is plotted (dashed curve) as a function of m_A at tan β = 60 in Case 1 where |κ_{32}|^2 ≃ 8.4 × 10^{−6} and Case 2 where |κ_{32}|^2 ≃ 3.8 × 10^{−6} . The mass of the lightest Higgs boson h^0 is set to be 123 GeV. The upper bound from the current data for τ^− → μ^−η is also shown as a dotted curve for each case.

the Higgs boson mass reconstructed by the recoil momentum. We here take the uncertainty of the tau momentum as 3 GeV for jjτ^±μ^∓ and as 1 GeV for ℓ^+ℓ^−τ^±μ^∓.

Finally, we estimate the statistical significance (S/ √ B) for each channel. The number of the fake events is evaluated by Eq. (16), which is 460 for jjτ^±μ^∓ and 15 for ℓ^+ℓ^−τ^±μ^∓. Therefore, in Case 1 where |κ_{32}|^2 is 8.4 × 10^{−6} with m_h = 123 GeV, the significance can become 5.5 and 3.0 for jjτ^±μ^∓ and ℓ^+ℓ^−τ^±μ^∓ at m_A = 350 GeV, respectively, taking into account the constraint from the τ^− → μ^−η result given in Eq. (8). The combined significance can reach to 6.3. In Case 2 where |κ_{32}|^2 is 3.8 × 10^{−6} with m_h = 123 GeV, the number of the signal becomes smaller, and the combined significance amounts to be as large as 2.0 at m_A = 280 GeV.

IV. SUMMARY AND DISCUSSIONS

We have discussed detecting the lepton flavor violating decay mode of the Higgs boson h^0 → τ^±μ^∓ at a LC. The effective coupling of h^0τ^±μ^∓ is induced at one loop in the MSSM due to the slepton mixing. We have studied the situation where the typical scale of supersymmetric parameters is as large as TeV scale. The magnitude of the effective h^0τ^±μ^∓ coupling can then be substantially large. Consequently, the number of the signal event via e^+e^− → Zh^0 → Zτ^±μ^∓ can be large enough to be detected after the background is suppressed by kinematic cuts. The signal can be marginally visible in the MSSM when the effective h^0τ^±μ^∓ coupling becomes enhanced due to the large ratio of μ and m_S , where m_S is the typical scale of the soft-breaking mass.

When m_S is greater than the TeV scale, the LF violating processes associated with gauge bosons such as τ^− → μ^−γ, τ^− → e^−γ and μ^− → e^−γ are suppressed. In addition, the LF violating processes including the Higgs mediation such as τ^− → μ^−η, τ^− → μ^−μ^+μ^− and μ^−N → e^−N as well as the flavor changing processes such as b → sγ are suppressed when m_A is greater than about 300 GeV[26]. On the other hand, the branching ratio for h^0 → τ^±μ^∓ does not decouple for large m_S as long as the ratio μ/m_S is not small. Therefore, in such a case, the decay h^0 → τ^±μ^∓ at a LC can be a complementary process to test the Higgs mediated LF violating coupling.

We comment on the case of the general framework of the THDM. Unlike the MSSM, the mixing angle α is independent of tan β and m_A. For larger values of m_A, the bound from τ^− → μ^−η can be relaxed by the factor of m^4_A (cf. Eq. (8)), whereas the branching ratio of the h^0 → τ^±μ^∓ can remain be larger than 10^{−3} within the available experimental and theoretical constraints. Therefore, the number of the signal in the THDM can be by a few order of magnitude larger than the possible value in the MSSM.

In our analysis, we have used the bound on the LF violating coupling |κ_{32}| from the current data of τ^− → μ^−η. In near future, if the bound becomes strong by a few factor, the number of the signal becomes reduced by the same factor. We have assumed some important numbers which are associated with the machine property for the collider and the detector of a LC experiment. The estimation of the number of the signal events and the reduction of the background events largely depends on the detection efficiencies of Z and μ, the resolution of the momenta for them, the rate of beam energy spread of the e^+e^− collision and the initial state radiation. Our assumption for these numbers might be rather optimistic. On the other hand, the significance can be improved when direct detection of the tau lepton is taken into account. In any case, a more realistic simulation analysis is necessary to determine feasibility of the signal.

Acknowledgments

The authors would like to thank Chikara Fukunaga, Masafumi Koike, Yoshitaka Kuno, Yasuhiro Okada, and Minoru Tanaka for valueable discussions. We also would like to thank Michael Peskin and Isamu Watanabe for useful suggestions and comments at the YITP Meeting on Phenomenology in June 2004.

[1] F. Borzmati, and A. Masiero, Phys. Rev. Lett. 57 (1986) 961.

[2] J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys. Rev. D 53 (1996) 2442; J. Hisano, and D. Nomura, Phys. Rev. D 59 (1999) 116005.

[3] A. Zee, Phys. Lett. B 161 (1985) 141.

[4] K.S. Babu, and C. Kolda, Phys. Rev. Lett. 89 (2002) 241802.

[5] A. Dedes, J. Ellis, and M. Raidal, Phys. Lett. B 549 (2002) 159. A. Dedes, Mod. Phys. Lett.

A 18 (2003) 2627.

[6] A. Brignole, A. Rossi, hep-ph/0404211. [7] M. Sher, Phys. Rev. D 66 (2002) 057301.

[8] Belle Collaboration, (webpage) belle.kek.jp; Babar Collaboration, (webpage) http://www.slac.stanford.edu/BFROOT.

[9] LHC, (webpage) http://lhc-new-homepage.web.cern.ch/lhc-new-homepage/. [10] R. Kitano, M. Koike, S. Komine, and Y. Okada, Phys. Lett. B 575 (2003) 300; R. Kitano, M.

Koike, and Y. Okada, Phys. Rev. D 66 (2002) 096002. [11] MECO collaboration, (webpage) http://meco.ps.uci.edu/ [12] Y. Kuno, Plenary Talk at NuFact 03, 5th International Workshop on Neutrino Factories & Superbeams Columbia University, New York 5-11 June 2003; Y. Kuno, in Proceedings of The 2nd International Workshop on Neutrino Oscillations and Their Origin, edited by Y. Suzuki et al. (World Scientific) p.253 (2000).

[13] A. Brignole, and A. Rossi, Phys. Lett. B 566 (2003) 217.

[14] K.A. Assamagan, A. Deandrea, and P.-A. Delsart, Phys. Rev. D 67 (2003) 035001. [15] J.L. Diaz-Cruz, R. Noriega-Papaqui, A. Rosado, Phys. Rev. D 69 (2004) 095002. [16] Particle Physics Experiments at JLC, ACFA Linear Collider Working Group, hep-ph/0109166;

GLC Roadmap report, (webpage) http://lcdev.kek.jp/RMdraft; TESLA Technical Design Report Part 3, ECFA/DESY LC Physics Working Group, hep-ph/0106315; American Linear Collider Physics Group, (webpage) http://blueox.uoregon.edu∼lc/alcpg.

[17] I.F. Ginzburg, M. Krawczyk, P. Osland, Nucl. Instrum. Meth. A 472 (2001) 149; J.F. Gunion, H.E. Haber, hep-ph/0207010.

[18] Y. Enari, et al., The Belle collaboration, hep-ex/0404018. [19] B. Lee, C. Quigg, H.B. Thacker, Phys. Rev. Lett. 38 (1977) 883.

[20] S. Kanemura, T. Kubota, E. Takasugi, Phys. Lett. B 313 (1993) 155; A. Akeroyd, A. Arhrib, E.-M. Naimi, Phys. Lett. B 490 (2000) 119.

[21] N.G. Deshpande, E. Ma, Phys. Rev. D 18 (1978) 2574; M. Sher, Phys. Rep. 179 (1989) 418. [22] J.F. Gunion, H.E. Haber, G. Kane, and S. Dawson, “The Higgs Hunter’s Guide” (Addison- Wesley, New York, 1990).

[23] Y. Yusa, et al., The Belle collaboration, Phys. Lett. B 589 (2004) 103; B. Aubert, et al., The Babar collaboration, Phys. Rev. Lett. 92 (2004) 121801.

[24] K. Abe, et al., The Belle collaboration, Phys. Rev. Lett. 92 (2004) 171802. [25] A. Pukhov et al., CompHEP - a package for evaluation of Feynman diagrams and integration over multi-particle phase space. User’s manual for version 33, hep-ph/9908288.

[26] M. Ciuchini, G. Degrassi, P. Gambini and G.F. Giudice, Nucl. Phys. B 527 (1998) 21;

P. Ciafaloni, A. Romanino and A. Strumia, Nucl. Phys. B 524 (1998) 361; F. Borzumati and G. Greub, Phys. Rev. D 58 (1998) 074004; T.M. Aliev and E.O. Iltan, Phys. Rev. D 58 (1998) 095014.